• SC411 increases DHA in blood cell membranes and reduces homemanaged SCD pain crisis and analgesic and opioid use at home to treat SCD pain.
Introduction
Sickle cell disease (SCD) is a multisystem disorder caused by a mutation in the b-globin gene resulting in the sickle hemoglobin (HbS). 1 Globally, approximately 300 000 infants are born annually with homozygous SCD, and that number could rise to 400 000 by 2050. 2 In the United States, population estimates suggest that approximately 100 000 Americans have the disease. 3 In Africa, mortality rates among children were reported to be as high as 90%. 4, 5 SCD is characterized by chronic hemolysis, painful crises, multiorgan dysfunction, and death. Sickle cell crisis (SCC) is the main cause of hospitalization, a negative effect on quality of life, and high risk for death.
Although HbS polymerization is central to the pathophysiology of the disease, 7 recent advances in SCD research suggest a more complex process. [8] [9] [10] Instability of HbS induces impairments in erythrocyte membrane structure, elasticity, viscosity, and biochemical properties. 10, 11 In addition, oxidative stress, inflammation, enhanced adhesiveness of neutrophils, and hypercoagulability are increasingly recognized to play a primary role in vaso-occlusion, tissue ischemia, and organ damage. 1, 12, 13 Given the complex nature of SCD pathophysiology, a multimodal therapy or a single drug with multiple mechanisms of action may be necessary to achieve clinical effectiveness. 14, 15 The multiple biological and pleiotropic effects of the v-3 fatty acid docosahexaenoic acid (DHA, 22:6v3) that include, but are not limited to, its antioxidant, anti-inflammatory, antiadhesion, anti-aggregation properties and its positive effects on erythrocyte rheology and vasodilatation [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] all offer potential therapeutic benefits in SCD. In addition, resolvins, endogenous lipid mediators generated from DHA and eicosapentaenoic acid (EPA; 20:5v3), have been shown to increase nitric oxide availability and reduce inflammatory pain. 25, 26 Interestingly, blood cells and plasma of patients with SCD show decreased levels of DHA and EPA, with increased levels of the proinflammatory v-6 fatty acid arachidonic acid (20:4v6). 20, [27] [28] [29] Treatment of patients with SCD with the v-3 fatty acids DHA and EPA has been shown to correct cell membrane fatty acid balance and confer protection against vaso-occlusive pain episodes, hemolysis, oxidative stress, and inflammation. [16] [17] [18] [19] [20] [21] Treatment of mouse models of SCD with DHA and EPA also improves erythrocyte flexibility and reduces vascular endothelial activation and sickle cell-related end-organ injury. 30, 31 SC411 is a novel DHA ethyl ester formulation with a proprietary delivery platform (Advanced Lipid Technology, or ALT) that enhances DHA bioavailability and overcomes the variable absorption related to dietary fat ("food effect") 32, 33 To investigate the safety and efficacy of 3 dose levels of SC411 in children with SCD, the phase 2 SCOT (Sickle Cell Omega-3 Treatment) trial (NCT02973360) was conducted at 11 sites in the United States.
Methods Subjects
Eligible subjects were aged from at least 5 years to 17 or fewer years, with SCD (homozygous hemoglobin SS, hemoglobin SC, and hemoglobin S/b 0 -thalassemia documented by high-performance liquid chromatography or electrophoresis), and having had 2 to 10 documented clinical sickle cell crises (cSCC) within the 12 months before screening. cSCC were defined as painful crisis or acute chest syndrome. A painful crisis was defined as new onset of pain lasting 2 or more hours for which there is no explanation other than vaso-occlusion and that requires therapy with oral or parenteral opioids, nonsteroidal anti-inflammatories, or other analgesics prescribed by a health care provider in a medical setting (eg, hospital, clinic, or emergency room visit) or documented telephone management. 14, 34 Acute chest syndrome was defined as acute illness characterized by a new segmental pulmonary infiltrate on a chest X-ray, excluding atelectasis, and fever ($38.5°C) or respiratory symptoms such as hypoxia, chest pain, tachypnea, wheezing, or cough. 34 Subjects treated with hydroxyurea (HU) before screening were eligible if they were receiving treatment for a minimum of 6 months before screening and intended to continue at the same weightbased dose for the duration of the study. Subjects who were not receiving HU at screening were not allowed to initiate HU during the blinded part of the study.
Exclusion criteria included documented abnormal or "high conditional" transcranial Doppler ultrasonography within 12 months of screening, history of known cerebrovascular disease, blood transfusion within 3 months of screening, and chronic daily use of opioid analgesia for any reason (.30 consecutive days during the 6 months before screening) (for full list of the inclusion and exclusion criteria, see supplemental Figure 1 ).
Participation required written informed consent from the subject's parent or legal representative and documented assent from participants aged 7 years and older. Ethical approval was obtained from either the local site Institutional Review Board or the central Western Institutional Review Board.
Study design
The SCOT trial was a phase 2, randomized, double-blind, placebocontrolled, parallel-group, dose-finding study to evaluate the safety, tolerability, and efficacy of 3 weight-based dose levels of SC411 (20 [range: 12-26] ; 36 [range: , or 60 [range: ] mg DHA/kg per day) in children with SCD. The trial was conducted in 2 parts, including a randomized, double-blind, placebo-controlled, parallel-group, dose-finding study (part A) and an ongoing optional 19-month open-label extension (part B) for subjects who completed part A. Part A consisted of a screening period of up to 2 weeks, an 8-week treatment period, and a 4-week safety follow-up period for those who opted not to join the open-label extension (OLE) part, for a maximum total of 14 weeks. Participation in both the double-blind part A and OLE part B could result in up to a maximum of 22.5 months of therapy. Only data from part A are reported in this manuscript.
Using an Interactive Response Technology system, subjects were randomly assigned 1:1:1 to 1 of the 3 dose levels. Then, patients at each dose level were randomly assigned 3:1 to SC411 and placebo. Randomization was stratified by baseline HU use. The subjects, investigators, and assessors were blinded to the treatment assignment. SC411 and a matching placebo were supplied as soft gel mini capsules. SC411 capsules contain 383 mg DHA, and matching placebo capsules contained approximately 410 mg soybean oil. Capsules were administered once daily, with or without food. Adherence was monitored by pill counts and a handheld, mobile electronic patient-reported outcome device (eDiary).
Subjects who participated in the blinded part A only underwent safety follow-up evaluation 4 weeks after the last dose. The subjects who consented to participate in both part A and part B, are receiving the lowest of the 3 active dose levels during the part B OLE for up to 19 more months ("Timeline for Clinical Study Visits"; supplemental Figure 2 ).
Efficacy endpoints
The primary efficacy endpoint was the percentage change from baseline in the total blood cell membrane DHA and EPA concentration after 4 weeks of treatment. EPA was also measured, in addition to DHA, because a modest increase in EPA was expected to occur as a result of enzymatic retroconversion of DHA to EPA. 35 SC411 uses a proprietary Advanced Lipid Technology drug delivery platform that enhances DHA bioavailability. 33 This may result in saturation of blood cell membrane with DHA by all 3 SC411 doses within 8 weeks of treatment. Hence, to identify the optimal SC411 dose capable of the greatest DHA increase within the shortest period of time, the primary endpoint analysis was determined to be performed at 4 weeks of exposure to SC411, instead of 8 weeks.
During part A, total blood cell membrane DHA and EPA concentration was determined by using a validated liquid chromatography-tandem mass spectrometry bioanalytical method (Medpace Bioanalytical Laboratories, Cincinnati, OH). The laboratory-based secondary and exploratory endpoints included plasma lactate dehydrogenase, D-dimer, reticulocyte count, white blood cell count, platelets, indirect bilirubin, high-sensitivity C-reactive protein, soluble vascular cell adhesion molecule-1, soluble E-selectin, and Hb. The secondary and exploratory laboratory-based endpoints were assessed as the change from baseline at 2, 4, and 8 weeks. The exploratory clinical endpoints included the rate of visits to a medical facility (hospital, clinic, or emergency room) for cSCC or other SCD-related complications, the number of hospitalization days for SCC, and number of blood transfusions (acute simple blood transfusions and exchange blood transfusions). Endpoints recorded using the eDiary included rate of painful crises, intensity of painful crises, frequency of analgesic use at home, and school attendance. An eDiary-recorded painful crisis was defined as a new onset of sickle cell pain accompanied by analgesic use, as recorded in the subject's daily eDiary. The eDiary recorded pain crises must have been separated by at least 48 hours to be considered as a distinct painful crisis.
Safety assessment
Safety endpoints included the incidence of adverse events (AE), severe AEs (SAEs), treatment-emergent AEs, and AEs of special interest. Safety assessments were conducted at screening; at weeks 0, 2, 4, and 8 (part A and end of treatment); and 4 weeks after the last dose. Safety assessment included physical examination, vital signs (blood pressure, respiratory rate, pulse rate, oxygen saturation, and temperature), bleeding questionnaire, laboratory tests (complete blood count, chemistry panel, urinalysis, coagulation profile), serum (b-HCG) pregnancy test, and 12-lead electrocardiogram. Reported AEs were coded using the Medical Dictionary for Regulatory Activities (version 19.1) for medical history and AEs, and World Health Organization Drug Dictionary for prior and concomitant medications. An independent data and safety monitoring committee reviewed safety data during the study.
Trial oversight
Sancilio Pharmaceuticals Company, Inc. was responsible for study design, protocol development, and study implementation. Data were collected and analyzed by Cato Research (Durham, NC) data management and statistical departments. An independent Data and Safety Monitoring Committee monitored safety and overall implementation of the study at prespecified points during the study.
Statistical analysis
The median percentage of DHA and EPA erythrocyte membranes of the healthy pediatric population in the United States was estimated to be around 4%. 36 Sickle cell patients have a lower DHA and EPA level in blood cell membranes. 20, 27, 28 Therefore, the sample size was based on the assumption that after 4 weeks of treatment, the mean blood cell membrane DHA and EPA percentage in at least 1 of the 3 SC411 dose levels would be increased by 100% compared with placebo treatment (approximately 7% for a SC411 dose and 3.5% for placebo). The standard deviation in each group was expected to be 3%. Under these assumptions, at least 15 subjects per group (total of 60 subjects) would provide approximately 87% power to test each dose vs placebo and would provide 97% power to test the combined doses vs placebo at the 0.05 a level. To account for a 10% expected attrition, a total of 67 subjects were randomized. The analysis of the primary, secondary, and exploratory endpoints were conducted on the intention-to-treat population. Compliance to the study medication was assessed by calculating the percentage of capsules taken ([capsules taken/capsules scheduled to be taken] 3 100).
The primary endpoint, the percentage change in total blood cell membrane concentration of the sum of DHA and EPA after 4 weeks of intervention, was compared between the 3 dose groups and placebo, using a mixed-model repeated-measures analysis with baseline sum of DHA and EPA in total blood cell, baseline disease severity (based on the number of crises during the year before enrollment, dichotomized as 2-4 or 5-10 cSCC), age group, HU use, visit, treatment, and visit by treatment interaction as fixed effects, and subject as a random effect. The laboratory and biomarker-based secondary and exploratory endpoint variables were analyzed using the statistical model described in the analysis of the primary endpoint, but included data through week 8 of treatment.
The rate of cSCC, acute SCC, visits to a medical facility for SCC or SCD-related complications, rate of hospitalization, rate of blood transfusions, rate of eDiary-recorded painful crises, and rate of eDiary-recorded analgesic use were analyzed using a Poisson regression model with log-link, including terms for treatment, baseline disease severity, age at baseline, and prior HU use. A robust variance estimation was used to account for potential extraPoisson variability (overdispersion) The log of the total number of days in the study from randomization was included in the model as the offset variable to provide the basis for the rate estimate. The rate estimate was multiplied by 365 to get the annualized rate. The annualized rate estimate by treatment, 95% confidence interval (CI) of the annualized rate, and the P value were calculated for comparisons between each treatment regimen, along with the average active-treatment effect across treatment regimens, and the placebo. The odds of school absenteeism because of sickle cell pain was analyzed using a logistic regression with treatment, baseline disease severity, age group, and HU use as covariates. Multiple imputation was used to account for missing data of the primary endpoint and cSCC.
The number of hospitalization days, number of days out of school, and diary-recorded pain intensity during the treatment period were analyzed using the analysis of variance method, with factors for disease severity and HU use included in the model. Safety variables were analyzed descriptively. SAS (version 9.4) statistical software was used for statistical analyses.
Results

Enrollment and follow-up
A total of 75 subjects were screened, and 67 subjects met the eligibility criteria and were enrolled in the study at 11 US sites between March and July 2017 (Figure 1 ). The enrolled subjects were randomly assigned to 1 of the 3 dose levels. Within each dose level, the subjects were randomly assigned to receive either SC411 or placebo in a 3:1 ratio. Sixteen subjects received 20 mg/kg DHA, 18 subjects received 36 mg/kg, 16 subjects received SC411 60 mg/kg, and 17 subjects received placebo. None of the patients who were receiving HU at enrollment stopped treatment during the blinded part of the study. A total of 62 subjects completed the double-blinded part A of the study (8 weeks postrandomization). Of the 5 subjects who did not complete the double-blinded part A, 3 subjects were lost to followup (one 20-mg DHA/kg and 2 placebo), 1 subject discontinued the assigned regimen (20 mg DHA/kg) because of drug-related abdominal pain, and 1 subject (placebo) was prematurely terminated because of noncompliance. Forty-one subjects (66.1%) enrolled in the 19 months OLE part B. All 21 subjects (33.9%) who decided not to enroll in the OLE part B underwent a safety follow-up visit 4 weeks after the end of part A treatment.
Assessment of compliance during the blinded part of the study showed that the mean percentage of capsules taken were higher among those who received 36 and 60 mg DHA/kg (94.9% and 95.5%, respectively) and relatively lower among the patients who received 20 mg/kg (83.9%) or placebo (86.4%).
Baseline characteristics of the participants
The demographic and clinical baseline characteristics of the subjects were similar in the 4 groups ( Table 1) . Distribution of the subjects according to baseline disease severity, moderate (2-4 cSCC during the year before enrollment) vs severe (5-10 cSCC during the year before enrollment), was similar in 3 SC411 treatment groups; however, the placebo groups had relatively more subjects (n 5 13, 76.5%) classified as moderate vs severe (n 5 4, 23.5%).
Primary endpoint
The analysis of the primary endpoint showed a significant mean percentage increase from baseline in the sum of total blood cell DHA and EPA concentration of 109.0 (CI, 46.7-171. 
Secondary and exploratory endpoints
After 8 weeks of treatment, significant changes against placebo were observed in D-dimer (P 5 .025) and soluble E-selectin (P 5 .0219) only in 36-mg DHA/kg-treated patients. Significant increase in Hb vs placebo was observed only in the 20-mg DHA/kg group (P 5 .039; Table 2; Figure 3 ) Directional positive trends were observed on plasma high-sensitivity C-reactive protein, lactate dehydrogenase, soluble vascular cell adhesion molecule, and white blood cell count, but these were not statistically significant (supplemental Figure 3) .
A total of 24 cSCC occurred during the double-blinded part of the study. Nine of these cSCCs occurred among 6 subjects receiving placebo and 15 among 14 subjects in the SC411 treatment groups. A reduction in the rate of cSCC was observed in the pooled treatment groups vs the placebo; however, it did not reach statistical significance (rate ratio, 0.45; 95% CI, 0.19-1.07; P 5 .07; Figure 4A ).
Significant reduction in eDiary-recorded SCC, analgesic use, opioid use, and school absences resulting from SCD pain were observed on 36 and 60 mg/kg pooled SC411 subjects compared with placebo ( Figure 4 ).
Reduction in hospitalization rate, hospitalization days, visits to medical facility for cSCC or sickle cell-related complications, eDiary-recorded sickle cell pain intensity, and number of school day absences resulting from SCD were observed in active groups compared with placebo; however, these were not statistically significant (supplemental Figure 4 ; Figure 5 ).
Subgroup analysis
There appeared to be a greater reduction in the rate ratio of cSCC for those receiving only SC411 treatment compared with the subjects receiving both HU and SC411; however, neither was statistically significant (supplemental Figure 4 ; Figure 4 ).
Safety
SAEs were reported in 9 placebo subjects (52.9%), 5 subjects (31.3%) at active 20 mg/kg dose, 6 subjects (33.3%) at active 36 mg/kg dose, and 5 subjects at active 60 mg/kg dose (31.3%; supplemental Figure 5 ). The most frequent SAE (sickle cell crisis) occurred in 8 placebo subjects (47.1%) and 11 subjects treated with 1 of the 3 active doses (22.0%). The percentage of subjects who experienced severe SAEs was higher in the placebo group (52.9%) than in the group randomly assigned to active doses 20 mg/kg (31.3%), 36 mg/kg (33.3%), and 60 mg/kg (31.3%).
There were only 2 AEs determined to be related to SC411: abdominal pain and nausea, experienced by 1 subject. AEs reported in more than 5% of the subjects who received 1 of the 3 active doses were abdominal pain, nausea, pyrexia, and headache. SD, standard deviation *Race was self-reported. †Patients who experienced 2 to 4 SCD crises during the year before randomization are classified as moderate. Those who experienced $5 to 10 SCD crises during the year before randomization are classified as severe. Primary endpoint and selected secondary and exploratory biochemical endpoints in the intention-to-treat population .3009
.0521
*LS Means and LS mean differences are from a mixed-model repeated-measures analysis with baseline blood cell DHA1EPA, HU use, age group, baseline disease severity, and treatment as covariates. The model uses subject as a repeated measure with a compound symmetry covariance structure and includes a visit by treatment interaction. Contrasts, dose trend, and P values are produced inside the model. †LS means and LS mean differences are from a mixed-model repeated-measures analysis with each parameter's respective baseline, HU use, age group, baseline disease severity, visit, and treatment as covariates, and subject as a random variable. The model uses subject as a repeated measure with an unstructured covariance structure and includes a visit by treatment interaction. Contrasts and P values are produced inside the model.
Discussion
SCD was first described in the Western medical literature more than 100 years ago 37 ; however, affected patients still have very limited disease-modifying treatment options. Until recently, HU was the only US Food and Drug Administration-approved medication in SCD with the adult indication to reduce the frequency of painful crises and the need for blood transfusions. Nevertheless, HU is not effective in all patients and may not prevent the accumulation of end organ damage. 38, 39 Recently, the US Food and Drug Administration also approved L-glutamine treatment, although little is known about its clinical effectiveness. 40 Therefore, there is still an urgent unmet need for new therapeutic options for children with SCD.
The SCOT trial showed that all 3 dose levels of SC411 significantly increased blood cell membrane concentration of the sum of DHA and EPA after 4 weeks of treatment. In addition, 36 and 60 mg/kg doses achieved relatively higher blood cell membrane concentration of DHA and EPA vs 20 mg/kg. Remarkably, doses 36 and 60 mg/kg achieved a comparable level of the DHA and EPA concentration in blood cell membrane, suggesting that 36 mg DHA/kg is the lowest effective dose to achieve the highest DHA and EPA concentration after 4 weeks of treatment.
Although SCOT was not designed or powered to provide definitive conclusions regarding reduction in cSCC, a nonstatistically significant reduction of at least 45% in the rate of cSCC was reported in all SC411 dose levels vs placebo during the doubleblind part A. We hypothesized that SC411 would affect SCD pathophysiology through a distinct mechanism of action from HU that may result in additive effects. However, we observed a greater reduction (68%) in cSCC in the HU-naive subjects compared with 38% lower among those also receiving HU (Figure 4 ). There were also significant reductions in eDiary-reported sickle cell pain crisis, analgesic use at home to treat SCD pain, and opioid analgesic use to treat SCD pain in subjects who received either 36 or 60 mg DHA/kg. These beneficial effects were also reflected in a significant reduction in school absence resulting from sickle cell pain in SC411 treatment groups compared with placebo. The observed improvements in the clinical endpoints, despite not being statistically significant because of the limited study sample size, may suggest a beneficial therapeutic effect of SC411 on SCD children and supports progressing to a pivotal trial. 41 Consistent with previously described mechanisms of action of v-3 FAs in SCD, 19, 20, 31 this study shows positive trends on markers of inflammation, adhesion, coagulation, and hemolysis among subjects who received 20 and 60 mg DHA/kg. The positive effects on the tested biomarkers were more pronounced in patients treated with 36 mg DHA/kg vs placebo, as statistically significant reduction was observed in biomarkers of endothelial activation (E-selectin) and coagulation (D-dimer). 42, 43 Intriguingly, the Hb concentration was significantly increased in doses 20 and 36 mg/kg against baseline, and in 20 mg/kg against placebo, but not in patients treated with 60 mg/kg to either baseline or placebo. Taking into account the relatively smaller changes in reticulocyte and lactate dehydrogenase in 60 mg/kg compared with baseline, the observed unchanged level of Hb seem not to be a result of increased hemolysis.
In addition to the putative mechanisms of action, some reports indicate that membrane DHA enrichment induces modifications in the cell membrane molecular organization, phospholipid composition, flip-flop dynamics, and functions. [44] [45] [46] [47] Dysfunctional lipid bilayer in sickle cell membrane is characterized by externalization of serine phosphoglycerides. 48, 49 It has been proposed that external serine phosphoglycerides contributes to thrombogenesis, 50 enhanced adhesion with other blood cells and endothelium, [51] [52] [53] shortened red blood cell lifespan in SCD, 54, 55 the provision of a cellular substrate for secretory phospholipase A2 56, 57 , and ultimately, vaso-occlusion and chronic hemolysis. 58 Therefore, the observed therapeutic effects of DHA in patients with SCD could partially be attributable to its possible effects on cell membrane structure and function. Moreover, the potential antioxidant activity of DHA may also play a role in improving cell membrane integrity and functionality. 15, 19, 59 The observed beneficial biochemical and clinical effects of SC411 in SCD children in the SCOT trial agree with previous studies of high-dose DHA or combination DHA/EPA treatment in patients with SCD for periods of 6 months or more. 16, 18, 21 However, this is the first study that used multiple doses of a highly purified DHA during a relatively short period and in children who were also receiving concomitant HU treatment.
Pure DHA was used to develop SC411, as it has been conjectured that DHA could be a more efficacious and safer therapy for patients with SCD than others, similar to a combination of DHA and EPA or pure EPA. 16 The reduction in v-3 fatty acids levels observed in blood cell membrane of patients with SCD is more pronounced for DHA than EPA. 29, 60 In addition, it has been shown in several cell types that DHA has a greater influence on cell membrane deformability and fluidity as compared with EPA because of its higher unsaturation index, 61, 62 which could produce a beneficial improvement also in sickle erythrocyte rheology. In addition, DHA also can be enzymatically retroconverted to EPA to correct any EPA deficiency. 35 The AEs, SAEs, and AEs of special interest did not differ significantly between the 3 active dose groups. It is important to note that higher frequency of SAEs occurred in the placebo group compared with the active groups. SC411 was well tolerated, as indicated by high retention rate, adherence to study medication, and high percentage of subjects opting to participate on the OLE part of the study.
In conclusion, the results from this 8-week study of multiple doses of a highly purified DHA in children with SCD, many of whom were still symptomatic despite receiving concomitant HU treatment, supports the progression to a larger phase 3 trial of SC411 in children with SCD.
